Data on the effects of inbreeding on fitness components are reviewed in the light of population genetic models of the possible genetic causes of inbreeding depression. Deleterious mutations probably play a major role in causing inbreeding depression. Putting together the different kinds of quantitative genetic data, it is difficult to account for the very large effects of inbreeding on fitness in Drosophila and outcrossing plants without a significant contribution from variability maintained by selection. Overdominant effects of alleles on fitness components seem not to be important in most cases. Recessive or partially recessive deleterious effects of alleles, some maintained by mutation pressure and some by balancing selection, thus seem to be the most important source of inbreeding depression. Possible experimental approaches to resolving outstanding questions are discussed.
Introduction
The decline in fitness components with inbreeding has attracted the attention of geneticists and evolutionary biologists since Darwin (Darwin, 1876 ; Wright, 1977, chap. 2 ; Thornhill, 1993 ; Falconer & Mackay, 1996, chap. 14) . As was realized early after the rediscovery of Mendelian genetics, the deleterious effects of inbreeding reflect the consequences of increased homozygosity for alleles affecting fitness. Any genetic explanation for the phenomenon of inbreeding depression must be capable of accounting for the large magnitude of effects detected in outbreeding species of plants and animals (Charlesworth & Charlesworth, 1987 ; Husband & Schemske, 1995 ; Keller, 1998) .
Two major hypotheses have long been discussed in the literature (reviewed by Wright, 1977) . The first is the idea that inbreeding depression represents the effects of loci at which there is heterozygote advantage (overdominance), so that heterozygotes are superior to homozygotes. Since heterozygote advantage in fitness is a form of balancing selection, alleles will be maintained as polymorphisms, at least in randomly mating populations. The other classical hypothesis is that inbreeding depression is caused by recessive or partially recessive deleterious alleles ; this is sometimes known as the dominance hypothesis (Wright, 1977) . These alleles can be maintained either by balancing selection acting on their net fitness effects, or by recurrent mutation which balances the elimination of strictly deleterious alleles.
Despite almost a century of research on the genetic basis of inbreeding depression, the question of the relative importance of overdominance versus partial recessivity is still open to debate. Our main conclusion is that inbreeding depression in most fitness components probably reflects partial recessivity of the deleterious effects of alleles, rather than overdominance ; mutation is probably a major cause of the maintenance of these alleles, but balancing selection may play a role as well. For certain traits, however, the Drosophila data are consistent with a major role of overdominance (Charlesworth & Hughes, 1999) . Mutation to deleterious alleles is, therefore, probably not the sole source of the variation that underlies inbreeding depression. The mutational model is, however, a useful null hypothesis, whose rejection forces one to consider alternatives.
Modelling inbreeding depression
We begin with a simple theoretical framework for modelling the effect of inbreeding on a fitness component, and then apply this to various types of empirical evidence. Our concern is primarily with interpreting the effects of inbreeding on the mean of a set of lines produced from a natural population by a defined set of matings, not with the genetic properties of individual inbred lines or crosses between themthe subject matter of biometrical genetics (Kearsey & Pooni, 1996) .
It is important to distinguish between fitness components and fitness. Darwinian fitness can be measured only in certain laboratory populations of Drosophila, Escherichia coli or yeast, using genetic markers to monitor changes in marker genotype frequencies that indicate the effects of selection (Latter & Sved, 1994 ; Hartl & Clark, 1997) . Most data on the effects of inbreeding therefore come from measurements of components of fitness, such as viability, female fecundity or male mating success. The models described below deal with fitness components ; results for net fitness will be discussed where appropriate.
For a given fitness component, z, the mutationselection balance model can be formulated as follows (Charlesworth & Hughes, 1999) . Assume that genotypic differences in z are directly proportional to the corresponding differences in fitness, with a constant of proportionality α i for the ith locus at which mutations affecting the trait can arise. Mutant alleles reduce trait values compared with wild-type, and are held at low frequencies, given by the standard formulae for mutation-selection equilibrium in a large randomly mating population (Haldane, 1927) . Fitness may be affected by several traits controlled by the same locus, so that the net effect of a locus on fitness is the sum of its effects on each trait, weighted by their proportional contributions to fitness. There is empirical evidence for multiple effects of deleterious mutant alleles on fitness components in D. melanogaster (Crow, 1993 ; Houle et al., 1994) .
A similar model can be used when variation is maintained by balancing selection with either pure overdominance, such that genotypic differences in z are directly proportional to the corresponding differences in fitness, or directional selection on fitness components influenced by a given locus (Charlesworth & Hughes, 1999) . Balancing selection maintaining intermediate allele frequencies can arise from directional selection if there is antagonistic pleiotropy, so that the two homozygotes at a locus differ in opposite directions either for different traits or for different environments (Rose, 1982 ; Charlesworth & Hughes, 1999) .
Population genetic models of these three possibilities can readily be formulated when different loci affect fitness components independently, i.e. multiplicatively (Charlesworth & Hughes, 1999) . The effect of inbreeding a population to an inbreeding coefficient of F can then be measured in terms of the difference between the natural logarithms of the mean trait values for an outbred population (O) and the inbred population (I) :
The coefficient B is the regression of log mean trait value on inbreeding coefficient ; equivalently, B can be regarded as the reduction in log fitness associated with complete inbreeding. It is often referred to as the inbreeding load, or number of lethal equivalents (Morton et al., 1956 ; Charlesworth & Charlesworth, 1987) . Table 1 gives the theoretical values of B for the models described above, assuming that changes in allele frequencies do not occur during the course of inbreeding.
Inferences from Drosophila experiments (i) Estimates of inbreeding load
The largest single body of data concerning the effects of inbreeding on fitness components comes from experiments on Drosophila. Experiments in which genetically marked chromosomes with multiple inversions suppressing crossing over (balancers) are used to manipulate whole chromosomes are especially in-formative, since these can be used to produce flies which are homozygous for all the genes on a single chromosome extracted from a natural population, without any selection against deleterious alleles that could reduce the effects of inbreeding (Simmons & Crow, 1977) . Results from other methods are reviewed by Latter & Sved (1994) . Crosses between lines carrying independently isolated chromosomes can be performed to reconstruct an outbred population, and hence allow the determination of B for a single chromosome using (1). This technique also enables one to dissect the net inbreeding load into components due to homozygous lethal or sterile chromosomes, and that due to chromosomes with minor effects (detrimental chromosomes : see Simmons & Crow, 1977) . Estimates of the net homozygous fitness effects of detrimental chromosomes can be obtained by competing extracted chromosomes against balancers in population cages (Sved, 1971 ; Latter & Sved, 1994) .
The results of numerous experiments indicate that complete homozygosity for a single major autosome dramatically reduces the mean values of most fitness components. For the third chromosome of D. melanogaster (representing approximately 48 % of the genome), the mean B estimate estimated from data on egg-to-adult viability is 0n28 for detrimental chromosomes (Simmons & Crow, 1977) . Since approximately 40 % of third chromosomes from nature carry lethals (Simmons & Crow, 1977) , slightly more than 50 % of the chromosome 3 inbreeding load for viability is due to lethals. Homozygosity for chromosome 2 reduces viability by a somewhat smaller amount, as expected from the smaller euchromatic DNA content of this chromosome (Heino et al., 1994) . For early and late male mating success, and male longevity, respectively, B estimates of 0n19, 0n50 and 0n09 have been obtained for chromosome 3 , and first male and second male sperm precedence have B values of 0n29 and 0n40, respectively (Hughes, 1997) . Two independent B estimates for net fitness for detrimental third chromosomes averaged 1n72 (Tracey & Ayala, 1974 ; Sved, 1975) , much larger than for any single fitness component.
To determine whether these effects of inbreeding can be accounted for purely in terms of mutationselection balance, or whether contributions from variation maintained by balancing selection must be invoked, we need estimates of mutation rates and dominance coefficients for substitution into the relevant equations in Table 1 . It is clearly impractical to obtain information on the parameters of individual loci ; instead, rather crude aggregate statistics must be employed.
(
ii) Estimates of deleterious mutation rates
The spontaneous lethal mutation rate for chromosome 2 of D. melanogaster is approximately 0n005 per gamete per generation, approximately twice that for the X chromosome, as would be expected from their relative sizes (Crow & Simmons, 1983) . The mutation rate for detrimental alleles is much more problematic. The classical results are due to Mukai and his co-workers (Mukai et al., 1972) and Ohnishi (1977) , who accumulated spontaneous mutations on sets of second chromosomes sheltered from selection over many generations. Viability assays were periodically carried out on homozygous chromosomes extracted from these lines. A lower bound to the mean number of new detrimental mutations per second chromosome per generation was estimated from the ratio of the square of the per generation decline in mean due to mutation to the mutational increase in among-line variance (Bateman, 1959) . The Mukai experiments suggested an average mutation rate of approximately 0n15 over several replicate experiments, whereas Ohnishi's estimate was approximately 0n06. If there is a wide distribution of effects of mutations, the Mukai results mean that the true detrimental mutation rate could be as high as 0n20 for chromosome 2 (Simmons & Crow, 1977) .
Criticisms of these experiments have recently been made by Keightley ( b, 1998 ; a recent replication of them (Fry et al., 1999) has yielded a much lower detrimental mutation rate for chromosome 2 (0n02), although a reanalysis of these data suggests that the mutation rate could be substantially higher (J. D. Fry, unpublished results). On the other hand, an independent measurement of the fitness decline of lines protected from selection was in good agreement with the Mukai results (Shabalina et al., 1997 ; but see Keightley, 1996 b) . This uncertainty makes the interpretation of data on inbreeding effects difficult. One possible resolution of these disagreements is that the detrimental mutation rate is indeed high, but that most mutations have such small effects on fitness components that they are not reliably detected in these experiments (Caballero & Keightley, 1998 ; Keightley, 1998) .
(iii) Estimates of mean dominance coefficients
Under the mutational load model, the dominance coefficients, h i , are critical for determining the expected level of inbreeding depression ( Table 1) . Data on the heterozygous effects of lethal second chromosomes isolated from natural populations indicate that lethals reduce viability only by 2-3 % on average when heterozygous, with additional effects on other fitness components (Crow, 1993) , so that a substantial inbreeding load can be caused by lethal mutations.
Under the hypothesis of pure mutation-selection balance, mean dominance coefficients for detrimental mutations can be estimated in two ways. The first uses the square root of the ratio of the additive genetic variance to twice the variance among lines homozygous for haploid genomes sampled randomly from a population Deng & Lynch, 1996 ; Charlesworth & Hughes, 1999) . The second uses the regression coefficient of the trait values for heterozygotes formed by crossing pairs of lines homozygous for independent single chromosomes on the sums of the parental lines' trait values (Mukai & Yamaguchi, 1974 ; Caballero et al., 1997 ; Charlesworth & Hughes, 1999) . A similar approach can be used to estimate dominance coefficients for lines isolated from natural populations of highly inbreeding species (Johnston & Schoen, 1995) . Both these methods provide estimates in which individual h i values are weighted by u i α# i s i ; the first estimate is equal to the geometric mean of the arithmetic and the harmonic weighted means of h i ; the second is simply the harmonic mean. Both estimates are expected to be zero under the pure overdominance model, and will not provide meaningful estimates of dominance coefficients if balancing selection due to antagonistic pleiotropy contributes substantially to variability (Charlesworth & Hughes, 1999) .
In practice, the first estimate is about 0n12 for viability effects of mildly detrimental chromosomes (homozygous viabilities 50 % of normal), whereas estimates for most other fitness components are much higher ( 0n26) (Charlesworth & Hughes, 1999) . First and second male sperm precedence, however, give zero values (Hughes, 1997) . The second estimate gives values of between 0n20 and 0n30 for viability effects of detrimental second chromosome effects, and 0n40 for detrimental third chromosomes (Charlesworth & Hughes, 1999 ). Hughes's (1995 a) data for chromosome 3 gave a mean of 0n32 for early male mating success, late male mating success and male longevity when corrected for sampling bias (Caballero et al., 1997) , and a measure of female fertility yielded a value of 0n075 (Watanabe & Ohnishi, 1975) . These results seem to rule out pure overdominance as a major contributor to variation for traits other than sperm precedence, but not variation maintained by balancing selection due to antagonistic pleiotropy.
The arithmetic mean h i (weighted by u i α# i s# i ) for newly arisen spontaneous mutations can be estimated by the regression method, using lines that have accumulated mutations. Mukai & Yamazaki (1968) obtained an estimate of about 0n40 for detrimental viability mutations on the second chromosome. This is much larger than the value for chromosomes from nature, as might be expected since it involves an arithmetic rather than a harmonic mean. Other data suggesting nearly intermediate dominance for detrimental viability mutations are reviewed by Caballero & Keightley (1994) . As expected from metabolic control theory (Kacser & Burns, 1981 ; , mutations of large effect (lethals) thus seem to be more nearly recessive than mutations with small effects on viability. Houle et al. (1997) obtained a mean regression estimate of 0n12 for chromosome 2 detrimental mutations affecting early female fecundity, late female fecundity, male longevity, female longevity and early male mating success. This suggests that mutational effects on these traits differ from those for viability. Further investigation of this point is important.
(iv) Comparisons of inbreeding loads with predicted alues
The estimated mutation and selection parameters can be related to the possible causes of inbreeding depression as follows, using the formulae in Table 1 . For lethals, the estimated mutation rate of 0n005 per generation for the second chromosome (Section 3.ii) predicts a lethal inbreeding load of about 0n25, assuming a harmonic mean heterozygous effect of lethals on net fitness of 0n02. This is close to the observed value of the lethal inbreeding load (Simmons & Crow, 1977 ; Crow, 1993) . Most of the lethal inbreeding load must be mutational in origin, given the low allelism rates among lethal chromosomes extracted from natural populations (Simmons & Crow, 1977) . Since approximately half the inbreeding load is due to lethals, this implies a major contribution from mutational load to the total effect of inbreeding. The picture is less clear for the detrimental component of the inbreeding load, especially given current uncertainty about detrimental mutation rates (see Section 3.ii). Relatively high values of the per chromosome mutation rate are assumed below, in order to be conservative. Assuming multiplicative fitness effects for a given fitness component, and independently distributed α i , u i and h i , the following predictions for B can be derived from Table 1 . With a mutation rate of 0n24 for chromosome 3, as suggested by the Mukai experiments (correcting for the relative sizes of the second and third chromosomes), and mean h i of the order of 0n25 (Section 3.iii), the expected B for fitness is 0n48. With a mean α i $ 0n37 (as crudely estimated by Charlesworth & Hughes, 1999) , the expected B for a fitness component is then 0n18. Comparisons of these predictions with observed values for several fitness components and for net fitness (Section 3.i) suggest that mutational variation explains only about 30 % of the observed inbred load for net fitness, and about 60 % of that for fitness components (Charlesworth & Hughes, 1999) . This discrepancy cannot be resolved by invoking a high mutation rate to mutations with effects that are too small to be detected in mutation-accumulation experiments (Keightley, 1998 ; Caballero & Keightley, 1998) ; dominance coefficients for such mutations will probably be close to 0n5 (Kacser & Burns, 1981 ; , so they would not contribute greatly to inbreeding load.
Alternatively, dominance coefficients for some traits may be much lower than for the examples discussed above , so that equilibrium frequencies of mutant alleles would be higher than for the standard dominance coefficient estimates. For example, the B value of 0n54 for the female fertility of homozygous-fertile second chromosomes (Watanabe & Ohnishi, 1975) suggests that female fertility may be an important contributor to the detrimental load for net fitness. Alleles affecting female fertility appear to be more recessive than those for other fitness components (Section 3.iii). This is consistent with the relatively high inbred load of 0n48 for net fitness effects of the X chromosome (Wilton & Sved, 1979) , in contrast to its near-zero load for viability (Eanes et al., 1985) . Data on heterosis for fitness components in crosses between mutation-accumulation lines also suggest greater recessivity for female fertility and net fitness than for viability or male fertility (Fry et al., 1998) .
Synergistic epistasis among the fitness effects of deleterious mutations (log fitness declining faster as the number of deleterious alleles carried by an individual increases : see Mukai, 1969 ; Crow, 1970 ; Kondrashov, 1988) can also greatly increase the inbreeding load over that predicated assuming multiplicativity, although it is still difficult to account for the very large net fitness load (Charlesworth, 1998) . However, no consistent empirical support yet exists for strong enough synergism to account for inbreeding load under a purely mutational model (Charlesworth, 1998) .
Results from quantitative genetic experiments on taxa other than Drosophila (i) Introduction
No species other than D. melanogaster permits detailed quantitative genetic experiments of the kind just reviewed, but some simpler experimental designs are possible in other organisms. Data from other species, including plants, however, are of considerable importance because inbreeding depression is one of the major factors involved in the evolution of outcrossing rates (Jarne & Charlesworth, 1993 ; Uyenoyama et al., 1993) .
(ii) Classical quantitati e genetic experiments
Estimates of average dominance coefficients of genes affecting fitness components can be obtained from the components of genetic variance in the F2 and subsequent generations of crosses between pairs of inbred lines (Moll et al., 1964 ; Wright, 1977) . Evidence for overdominance at individual loci has sometimes been found, but this cannot be taken as evidence for the presence of loci with true overdominance, as it is also explicable in terms of linkage to partially recessive alleles at other loci. When two strains of a plant or animal are crossed, any form of heterosis in the F1 generation will lead to apparent overdominance for any loci at which the strains have allelic differences, because of the linkage disequilibrium in the initial cross between loci affecting fitness and the loci whose genotypes are being scored. Allowing recombination over further generations should reduce or eliminate this effect, but true overdominance will persist. When tests have been done after several generations of recombination, rather than in the F2 generation, estimates of overdominance for new mutations show a consistent tendency to decrease (Schuler, 1954 ; Schuler & Sprague, 1955) . The same is true in quantitative genetic experiments on maize based on back-crosses or later generations derived from line crosses, even when the F2 results suggest overdominance (reviewed by Moll et al., 1964 ; Wright, 1977) . The results of such experiments on a number of plant species are unfavourable to the overdominance model (Kearsey & Pooni, 1996, p. 306 ; Dudash & Carr, 1998) .
(iii) Purging of deleterious alleles
Experiments on very small or inbred populations can provide another source of information. Recessive or partially recessive deleterious mutations should be ' purged ' from such populations, because mutant allele frequencies may be reduced more effectively by selection than in large randomly mating populations. This is because of the greater opportunity for selection against homozygotes for deleterious alleles, which are more frequent when progeny are generated by matings between individuals whose alleles have increased levels of identity by descent (Crow, 1970 ; Lande & Schemske, 1985 ; Charlesworth et al., 1990) . Although the data are not yet conclusive, habitually inbreeding plant populations seem to have lower inbreeding loads than outbreeders (Husband & Schemske, 1995) . This effect is not, however, decisive evidence for a predominance of mutational load in these populations, because it could be due either to purging of partially recessive deleterious mutations or to failure of highly inbreeding populations to maintain variability at loci with overdominance for net fitness (Kimura & Ohta, 1971 ; Charlesworth & Charlesworth, 1995) .
An experimental approach is therefore needed. Experiments involving replicate isolated, small populations or inbred lines should be capable of yielding evidence on whether purging of mutations can occur and to what extent fitness can be improved by this process (purging of deleterious mutations with major fitness effects can occur even by selection within lines, but its effects are most likely to be detectable when there is between-line selection as well : see Wang et al., 1999) . The results of such experiments are, however, difficult to interpret, because fixation or loss of detrimental alleles will also occur due to genetic drift, so that the net effect may be little or no improvement in mean performance or reduction in inbreeding load (Hedrick, 1994 ; Wang et al., 1999) . The larger the size of the inbred populations, the more effective is a given intensity of selection. In D. melanogaster, the fitness decline for a given inbreeding coefficient was less when lines were maintained with larger population sizes, compared with sib-mated lines (Ehiobu et al., 1989) . This result cannot, however, easily be used to correct for effects of selection, because differences in population size also affect the number of generations needed to reach the same expected inbreeding coefficient, and hence the opportunity for selection. In addition, inbreeding coefficients may differ from their expected values under neutral transmission, because of selection at linked loci (Kimura & Ohta, 1971 ; Latter, 1998 ; Wang et al., 1999) .
Various approaches allow purging of mutational load to be detected. Direct estimates of the mean values of fitness components in small or inbred populations are unlikely to detect fitness improvements in purging populations, because the higher homozygosity of purging populations leads to low fitness. Purging causes a reduction in the inbreeding load (Wang et al., 1999 ; Willis, 1999 b) , but loss and fixation of mutations also reduce inbreeding load without purging (Wang et al., 1999) , since no reduction in fitness is caused by inbreeding unless there is allelic variation in the population. Purging of deleterious mutations is thus better detected by an increase in the mean performance of inbred genotypes isolated from the populations in question, when compared with genotypes with similar inbreeding coefficients isolated from outbred populations. Random allele frequency changes have no systematic effect on this statistic. In plants, such data can be obtained by self-fertilization ; in Drosophila, they can be obtained using balancer chromosomes. A reduction in the inbreeding load for viability effects of chromosome 2 was observed in small populations of D. melanogaster, but was not, however, accompanied by consistent effects on the performance of inbred genotypes (Gilligan et al., 1997) .
Another indication of purging of deleterious alleles is an increased mean performance of a set of lines produced by F1 crosses between replicate inbred populations. A mean net fitness greater than for the outbred population from which the inbred lines were started should not occur under balancing selection (Barrett & Charlesworth, 1991) , but can be produced by purging of mutational load. Fitness components behave in a similar way to net fitness under the pure overdominance and mutational load models, but the expectation for a given fitness component under balancing selection with antagonistic pleiotropy is unclear. Consistent increases in the F1 means for a large set of fitness components would not, however, be expected under this model. Evidence for purging has been claimed for experiments on D. subobscura (Hollingsworth & Maynard Smith, 1955) , the plant Eichhornia paniculata (Barrett & Charlesworth, 1991) and the butterfly Bicyclus anynana (Saccheri et al., 1996) . Purging was also detected in a survey of data from zoo animals, in which fitness-related character values from animals having a documented history of inbreeding were higher than from sets of animals without such a history (Ballou, 1997) .
In part, differences in results of different experiments may reflect the fact that deleterious alleles of major effect can readily be purged, while those with small selection coefficients may be almost impossible to purge in the absence of between-line selection (Charlesworth et al., 1990 ; Wang et al., 1999) . Natural populations probably often contain mutant alleles with major fitness effects, so that data from the experiments just cited are likely to include a contribution from any major mutations that were present in the starting populations. Evidence is scanty on the distribution of fitness effects of mutant alleles in natural populations. The Drosophila data suggest a substantial contribution to inbreeding depression from large mutations (see Section 3.iv). Outcrossing populations of the plants Mimulus guttatus and buckwheat (Fagopyrum esculentum) have been shown to contain recessive alleles causing chlorophyll deficiency and male sterility, i.e. with major fitness effects. Allelism rates were low for these genes, consistent with this component of the genetic load being due to mutation at many loci, at rates similar to lethal mutation rates estimated from D. melanogaster (and providing no suggestion that these alleles are maintained in the populations by overdominance : Ohnishi, 1982 ; Willis, 1992) . Although a substantial fraction of the inbreeding depression in male sterility in M. guttatus is attributable to deleterious alleles of major effect, most is not . Consistent with this, five generations of maintenance of lines by selfing single plants (during which a high proportion of lines failed), which should have purged most major mutations but not detrimentals, reduced inbreeding depression only slightly, compared with the population before purging .
(iv) Marker-based data
A completely different source of information on the genetic basis of variation in fitness comes from datasets on marker loci, which allow inferences concerning the fitness effects of linked loci. Flowering plants offer one advantage over D. melanogaster for direct experimental investigations of the causes of inbreeding depression. Their generally larger number of chromosomes implies greater recombination rates, and this minimizes problems caused by linkage of markers to selected loci, which can result in apparent heterozygote advantage even when no overdominant loci are present.
(a) Population le el obser ations : heterozygosityfitness component correlations. Allozyme data from many different species show little evidence of overdominant selection. Strong overdominance would generate excess heterozygosity, detectable as significantly negative F IS values, which are very rarely found in outcrossing populations (Brown, 1979 ; Mitton & Grant, 1984 ; Houle, 1989) . In contrast, partially inbreeding populations often have higher heterozygote frequencies than expected, given the populations' breeding systems (Brown, 1979) . This need not imply overdominance, however ; in partially inbreeding populations, marker homozygotes are more homozygous than average at loci affecting fitness. The frequency of homozygotes should therefore be reduced by inbreeding depression for early mortality, leaving populations with excess heterozygotes at the adult stage, even for neutral markers (Brown, 1979) . Older seeds are indeed significantly less homozygous than younger ones, in a variety of different species (e.g. Cheliak et al., 1985 ; AlvarezBuylla & Garay, 1994 ; Cabin et al., 1998) . These data are consistent with the hypothesis that alleles other than the markers are the cause of variability in fitness components. Latter (1998) concluded that the observed retardation of the approach to homozygosity at marker loci in small populations of D. melanogaster was due to the effects of many linked loci with small effects of fitness, rather than to selection at the marker genes themselves.
An hypothesis of such associative overdominance can account for the many published observations of correlations between heterozygosity at marker loci and fitness-related characters in populations of selfcompatible organisms (reviewed by David, 1998) . Most recent evidence tends to support an important role for recessive or partially recessive alleles in causing such associations, and to weaken the evidence for overdominance at the marker loci or even at closely linked loci (David, 1998) . Data from populations whose levels of inbreeding were once assumed to be very low, such as marine bivalves (e.g. Zouros et al., 1980 ; Koehn & Gaffney, 1984) , are now revealing higher than expected homozygote frequencies in these populations. In particular, bimodal distributions of heterozygosity in these hermaphrodite animal populations (e.g. Zouros & Foltz, 1984 ; Gaffney et al., 1990) suggest the possibility of some inbreeding. A very telling kind of evidence is that, when individuals having the same inbreeding coefficient have been compared, heterozygosity-fitness component relationships are weakened or abolished (Beaumont et al., 1983 ; Strauss, 1986 ; Leberg et al., 1990) . These findings support the view that overdominance is often apparent, rather than really present at the single-locus level. More such data are needed, particularly from populations in which heterozygosity-fitness component correlations have been detected.
Statistical tests for distinguishing between true and pseudo-overdominance have not yet been widely used. Although the test originally proposed (Smouse, 1986) yields the same expectations for both models (Houle, 1994) , new models and tests, employing data from multiple loci, may have the potential to resolve this question (David, 1998) . If overdominance is frequently involved, different marker loci may be associated with effects on different fitness components, whereas this is less likely if the markers reflect differences in genomewide homozygosity due to partial inbreeding. This can provide the basis for testing the different hypotheses, if large sample sizes are obtained.
A different test is based on the fact that, because extremely heterozygous individuals are rare, their trait values depend on chance aspects of their actual genotypes at neutral loci, and so it is possible for their values for a fitness component to be slightly lower than for less heterozygous genotypes. This was found in the only study that has monitored fitness for a large number of heterozygous loci (Strauss & Libby, 1987) , consistent with the other tests that fail to detect true overdominance. Now that molecular markers can readily be developed for natural populations, it would be worthwhile to obtain further data of this kind.
(b) Family data. Data on individual families may provide better information than population-level correlations. They can give evidence on the fitness effects associated with individual marker loci, and thus potentially reflect the effects of individual loci subject to selection. If deleterious mutations are widespread in natural populations, segregation ratios at closely linked marker loci will be affected. In a set of 451 plants from all crosses between three different inbred Arabidopsis thaliana strains (ecotypes), eight of 190 molecular markers scored showed evidence of directional selection. These are not, however, natural population data, and some strains had been subjected to mutagens, so that this may be an overestimate (Mitchell-Olds, 1995) . The frequency of such effects (estimated to be 13 %, based on within-species data on randomly chosen markers in three angiosperms : Zamir & Tadmor, 1986) suggests that many loci affecting fitness are segregating in natural populations of plants. This kind of situation can be used in a manner analogous to QTL studies of non-fitness characters to infer the presence of such loci (Hedrick & Muona, 1990) , to estimate their dominance (Stuber et al., 1992 ; Fu & Ritland, 1993 ; Mitchell-Olds, 1995) and to detect epistasis between them. In the few available studies, using maize and M. guttatus, epistasis was estimated to be slight (Stuber et al., 1992 ; Fu & Ritland, 1996) .
The models used to analyse these data are oversimplified, and assume only one locus affecting fitness linked to each marker locus, but models including two selected loci generally do not greatly affect the inference of dominance unless these are very closely linked to the marker, so that flowering plants, which often have chromosome numbers of 10 or more, may provide useful information (Fu et al., 1997) . The conclusion thus seems robust that most of the loci that affect flowering time in M. guttatus have dominance coefficients below 0n5 . However, data for viability suggested dominance coefficients greater than 0n5 for the same species, implying that selection in the haploid stage may affect the transmission of markers and leading to overestimates of dominance (Fu & Ritland, 1993) . This is known to happen in some cases (Fulton et al., 1997) and complicates marker-based inferences about dominance. Such selection could substantially reduce overall levels of inbreeding depression (Charlesworth & Charlesworth, 1992) , exacerbating the problem of explaining the high inbreeding depression of outcrossing plants (Husband & Schemske, 1995) . More data would be valuable, including direct tests for selection in the haploid stage. For any overdominant region found it should also be possible to test whether data from multiple independent families consistently show overdominance, as must occur with true overdominance. If no overdominant locus is actually present, only certain families will appear to show overdominance because of repulsion phase linkage disequilibrium between different detrimental mutations, since such linkage disequilibrium will not occur generally.
Discussion
The data and models that we have reviewed suggest the following set of conclusions. First, several lines of evidence from Drosophila and plants concur in suggesting that pure overdominance of allelic effects on individual fitness components is not commonly the basis for inbreeding depression, although it may be important for certain traits, and might therefore contribute to the very high inbreeding depression for net fitness observed in Drosophila and outcrossing plants. This conclusion is reinforced by the general predominance of additive genetic variance as opposed to dominance variance for most fitness components in Drosophila, again with certain exceptions such as sperm precedence (Charlesworth, 1987 ; Mukai, 1988 ; Houle, 1992 Houle, , 1998 Charlesworth & Hughes, 1999) . A predominance of additive genetic variance is not expected with pure overdominance (Haldane, 1949) .
Secondly, the data on detrimental inbreeding loads are compatible with a significant contribution from alleles maintained polymorphic by balancing selection, provided that there are antagonistic pleiotropic deleterious effects of partially recessive alleles on different traits, or on the same trait in different environments. It is hard to account for the magnitude of inbreeding load for fitness components such as viability in Drosophila on the basis of the Mukai estimates of mutation and selection parameters for detrimental alleles (Mukai et al., 1972 ; Crow, 1993) , unless there is also a good deal of synergistic epistasis, for which there is limited empirical support (Charlesworth, 1998). On a purely mutational model, the large inbreeding load for net fitness requires either a much higher detrimental mutation rate than is indicated even by the Mukai experiments, or much greater recessivity of mutational effects on net fitness than is typically observed for individual fitness components . The lack of evidence for selective elimination of detrimental alleles in a Drosophila cage experiment ) also suggests a role for balancing selection. Further work on detrimental mutation rates and the level of dominance of detrimental mutations is necessary before firm conclusions can be reached.
In contrast, it seems clear that the inbreeding load due to lethals in Drosophila, which is roughly 50 % of the total, is mutational in origin (Simmons & Crow, 1977 ; Crow & Simmons, 1983 ; Crow, 1993) . Not enough is yet known about lethal mutation rates and allelism rates in other species to determine whether this conclusion can be generalized, although there is evidence for a significant contribution from alleles with major effects to the total inbreeding load in outcrossing species of flowering plants (Husband & Schemske, 1995 ; Willis, 1993 Willis, , 1999 . Mutations with major effects are rapidly purged from small or inbred populations (Lande & Schemske, 1985 ; Hedrick, 1994 ; Wang et al., 1999) , which fits the comparative evidence suggesting that there is much less inbreeding load associated with early-acting genes in highly selfing plant populations compared with out-crossers, assuming that such genes predominantly have major effects (Husband & Schemske, 1995) .
Thirdly, a possible role for balancing selection and antagonistic pleiotropy is supported by data on the amount of additive genetic variance for fitness components in D. melanogaster populations. The models presented above suggest that it is impossible to account for the overall level of additive genetic variance in traits such as viability purely on a mutational model, if the Mukai estimates of mutational parameters are used (Charlesworth & Hughes, 1999) . Use of smaller mutation rates and\or selection coefficients, as suggested by Keightley ( b, 1998 , would exacerbate this discrepancy (Charlesworth & Hughes, 1999) . Appeals to effects of epistasis or linkaged disequilibrium seem incapable of resolving it (Charlesworth & Hughes, 1999) , strongly suggesting a role for balancing selection as well as mutation in the maintenance of variability in fitness components. This contradicts the conclusion of Houle et al., (1996) that deleterious mutations contribute the bulk of the additive genetic variance in fitness components, for reasons discussed by Charlesworth & Hughes (1999) . If the likely pleiotropic effects of mutations on sets of fitness traits are taken into account (Crow, 1993 ; Houle et al., 1994) , it is thus very difficult to account for observed levels of genetic variation and inbreeding depression purely in terms of mutation-selection balance. This casts doubt on methods for estimating mutation and selection parameters from simultaneous measurements of additive genetic variance, homozygous genetic variance and inbreeding depression in outbreeding species (Deng & Lynch, 1996 ; Deng, 1998 ; Deng & Fu, 1998 ; Li et al., 1999) .
Finally, we note that other models of inbreeding depression have been proposed, in addition to those discussed above. The most popular is the idea of resource partitioning by different genotypes, such that a set of genetically variable progeny produced by an outcross lead to greater mean performance than a set of more uniform progeny produced by inbreeding (Schmitt & Ehrhardt, 1987) . While this could be a contributory factor in experiments where, say, selfed and outcrossed progeny are compared, the Drosophila experiments using balancers ensure that cultures of both the outbred controls and the inbred chromosomal homozygotes are genetically uniform with respect to the chromosome under investigation, so that only the level of heterozygosity differs. The large effects of inbreeding in Drosophila cannot, therefore, be explained by this model. There is also little direct support for it from plant experiments (Schmitt & Ehrhardt, 1987 ; Argyres & Schmitt, 1992) , although more data are needed.
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